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For many years it has been clear that mecha-
nisms for the degradation of collagen must be 
present in animal tissues, not only because colla-
gen represents such a large fraction of the total 
body protein in most species, but primarily in 
view of the rapid removal of collagen during 
such processes as bone growth, and the involut-
ing post-partum uterus. In spite of the fact that 
collagen is obviously degraded in certain animal 
tissues, early workers were confronted with the 
perplexing problem that native collagen, both in 
its fibrillar form as well as in solution, is ex-
tremely resistant to degradation by the proteo-
lytic enzymes commonly found in animal and 
human tissues. These findings pointed to the ne-
cessity for the existence in animals of a true 
collagenase, that is, an enzyme capable of specif-
ically attacking the native collagen helix under 
non-denaturing conditions, at physiologic levels 
of pH, temperature and salt concentration. Re-
peated attempts to isolate such an enzyme fr0m 
ti sue extracts were uniformly unsuccessful. 
Extracts from a number of mammalian ti sues 
were, however, found to attack collagen to a 
limited extent at acid pH (1-4), which sugge ted 
that the enzymes involved were lysosomal in 
origin. It has been emphasized (5) that olutions 
of mammalian collagen at acid pH will undergo 
progressive denaturation at temperatures above 
300 C making it readily susceptible to attack by 
a variety of proteolytic enzymes. Since there is 
no evidence that intact collagen molecules are 
denatured in vivo it seems unlikely that acid 
proteases would be capable of attacking undena-
tured collagen. 
The possibility that true animal collagenase 
exi ted was al o ugge ted by the pre ence of a 
collagenase in culture filtrate · of the bacterium 
Clostridium histolyticum (6-8) which i capable 
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of extensive attack on native collagen under the 
conditions noted above. This collagena e has 
been obtained in highly purified form and shown 
to act on a number of synthetic peptides which 
contain the sequence, X-P-Y-Gly-P-Z, where P 
is either proline or hydroxyproline and X, Y, 
and Z may be one of many amino acid residues. 
The collagenase cleaves the Y -Gly bond, produc-
ing peptides with NH2-terminal glycine (9). The 
enzyme requires calcium ions for activity and is 
inhibited by EDTA and cysteine (6-8). In addi-
tion, Harper and as ociates (10), have isolated, 
by column chromatography, two collagenases 
from C. histolyticum of similar amino acid com-
position but different in size. The larger enzyme 
has a molecular weight of 105,000 and the 
smaller 57,400, suggesting a monomer-dimer re-
lationship. 
The mo t significant advance in our under-
standing of the mechanism of connective tis ue 
remodeling in vertebrates came with the demon-
tration of the first animal collagenase from the 
anuran tadpole by Gross and Lapiere (11). Sub-
sequently, specific collagenases have been iso-
lated from a number of animal (12-16) and 
human tissues (17-25) which have provided a 
more detailed understanding of how collagen i 
degraded. 
Since the amphibian collagenase can be con-
idered as a prototype for both animal and 
human collagena e , tudies of this enzyme will 
be pre ented initially, followed by a discussion of 
human and other animal collagena e . 
AMPHIBIAN COLLAGENASE 
The tadpole collagenase was first demon-
strated by a unique tissue culture technique in 
which small explants of tailfin or gill and gut, 
tis ue in which resorption of connective tissue 
occurs during metamorphosis, were grown on a 
reconstituted native fibrous collagen substrate 
( 11) . By means of this tissue culture technique, 
it was shown that collagena e could diffuse away 
from the tis ue, bind to the fibrils of the gel, 
digest the collagen and thus reveal enzyme ac-
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tivity a an expanding area of lysis around the 
ti ue explants. These findings suggested that 
previou failures to detect animal collagenases 
were due eith r to very low tissue enzyme levels, 
or, perhap , to the binding of such an enzyme to 
it endogenous collagen substrate. If this were 
o he u ual methods of extraction would fail to 
' release the collagenase. The use of fibrous colla-
gen a a ub trate for detecting uch specific 
enzymatic activity had the unique advantage of 
being relatively immune to attack, under physio-
logic conditions, by any of the commonly known 
ti ue proteolytic enz.ymes. The tadpole collagen-
ase wa sub equently i olated and partially puri-
fied from culture medium in which living tad-
pole tailfin and back skin were grown but the 
enzyme could not be detected in ti sue extracts 
{5). 
In orne respects the tadpole enzyme is similar 
to bacterial collagenase in that both enzymes 
require calcium, are inhibited by EDTA and by 
cy teine and have similar pH optima, being 
most active in the neutral or slightly alkaline 
ranges (5). The two enzymes differ strikingly, 
however, in the loci of their attack on the colla-
uen molecule. From electron microscopic studies 
of eument-long-spacings (SLS) produced by the 
action of tadpole collagenase on collagen, it was 
demon trated (26) that the native collagen mol-
ecule was severed across its three strands into 
two egments, one being three-quarters of the 
molecular length from the "A" or N-terminal 
end and the other one-quarter the length from 
the "B" or C-terminal end of the molecule. The 
three-quarter length fragment from the "A" end 
of the molecule was designated TCA while the 
one-quarter lenuth segment from the "B" end of 
the molecule was designated TC8 (Fig. 1). This 
cleavage of the native collagen molecule at a 
inule locu occurred without disrupting the heli-
cal conformation of either fragment. Cleavage 
al o resulted in the release of about 3 moles of 
N -terminal leucine or isoleucine and C-terminal 
ulycine indicating that only three peptide bonds 
were broken in each collagen molecule (26). En-
zymatic attack on denatured collagen was more 
exten ive, re ulting in the release of N -terminal 
leucine, i oleucine, valine, alanine and phenyla-
lanine (27). In contrast, the clo t ridial collagen-
a e attack the collagen molecule at both ends 
producing several molecular fragments of dif-
ferent lenuths (28, 29). The initial attack by the 
bacterial enzyme horten the collagen molecule 
by 100 A from the "A" end and 200 A at the 
"B" end. The enzyme continue to digest the 
collagen molecule from the "A" end producing 
new fragment while no further attack on the 
"B" end occur . Thus, although the two enzymes 
are similar in many respects, their mode of ac-
tion on the substrate is strikingly different. 
When compared to intact native collagen the 
products produced by the action of tadpole col-
lagena e, TCA and TC8 , are more soluble at neu-
tral pH, are more readily denatured by heat and 
how a greater susceptibility to degradation by 
trypsin (30). It has been postulated (30) that 
the e findings are of physiologic significance 
since the action of collagenase on the collagen 
molecule in vivo would permit the products of 
the reaction to be dispersed into the surrounding 
medium because of their newly acquired solubil-
ity in extracellular fluid . Under these conditions, 
the fragment , which have a lowered denatura-
tion temperature, would spontaneously lose their 
helical structure at body temperature, thus be-
coming susceptible to degradation by other tis-
sue proteases, or by the collagena e itself. 
By eparating collagenase from other pepti-
dase activities that are present in crude media in 
which tadpole tis ues have been cultured, Har-
per and Gro s (31) have shown that the pepti-
dases cleave synthetic peptides which have been 
used in the a say of C. histolyticum collagenase, 
but have no effect on native collagen. In con-
tra t, the amphibian collagenase degrades native 
collagen but does not attack the synthetic pep-
tides. These studies emphasize the importance of 
using only native collagen for identifying colla-
gena e in animal tissue. 
Localization 
Since remodelinu of connective tissue during 
amphibian metamorphosis involves the degrada-
tion of both collagen fibers and interfibrillar 
ground ubstance, it was of interest to identify 
the cell types responsible for the production, not 
only of collagenase but also of a hyaluronidase 
(32) known to be present in tadpole tailfin tis-
ue. By completely eparating the epidermis 
from it underlying dermal mesenchyme it was 
possible to demon trate that the epidermi was 
responsible for collagenase production (33). In 
contra t, hyaluronida e activity was localized in 
the dermis indicating that a segregation of cell 
function occur during the degradation of 
connective tis ue in the tadpole tailfin. 
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The appearance of collagena e activity was 
blocked by freeze-thawing and puromycin sug-
gesting that the pre ence of collagenase in tissue 
culture was the result of de novo synthesis dur-
ing the time of culture or alternatively the acti-
vation of enzyme by orne mechani m requiring 
protein synthesis (33). Hyaluronidase activity, 
however, was not inhibited by puromycin but 
was enhanced by freeze-thawing, indicating that 
thi enzyme is stored in the mesenchymal cells 
and released when needed. The fact that hyalu-
ronidase could be extracted from fresh tissue, 
and that collagenase could not, added further 
u pport to the concept t hat the hyaluronidase is 
stored in the active state within the mesenchy-
mal cell . Although these studies were done with 
ti sue from non-metamorphosing tailfin t issue, 
they did uggest that enzymes such as collagen-
a e and hyaluronidase are of physiologic signifi-
cance in the extensive remodeling of connective 
ti sue that occurs durinO' metamorphosis. 
tudies in the metamorphosing tadpole (Eisen 
and Gross, unpublished) revealed that both col-
lagenase and hyaluronidase activities in the total 
tailfin increased steadily after thyroxine admin-
istration . Both enzyme activities reached a max-
imum at a time coincident with the maximum 
loss of tailfin collagen and ground substance. 
The changes in collagenase activity correlated 
well with previous evidence for elevated colla-
genase activity in the culture media from ex-
plants of tailfin tis ue obtained from metamor-
phosing tadpoles (34). These findings support 
the concept that collagenase and hyaluronidase 
are of physiologic significance in the remodeling 
of the connective tissue in the tadpole tailfin 
during metamorphosis. The fact that tadpole 
ba ckskin showed no detectable increase in colla-
genolytic activity during metamorphosis (34) 
added further support to t his hypothesis and 
emphasized the varying respon e of different 
tissues to t hyroid hormone in the remarkable 
t ransformation from the aquatic t adpole to the 
terrestrial froO'. 
HUMAN KIN COLLAGE A E 
The demonstration of a collagenase in the an-
uran tadpole (11) suggested that a system for 
collaO'en degradation might exi t in normal 
human skin that wa also mediated by specific 
enzymatc action. Using tissue culture tech-
niques, it wa pos ible to i alate from the culture 
Action of Humon ond Tadpole Collagenoses on Collagen 
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FIG. 1. Schematic representation of the action 
of human and tadpole collagenase on collagen. 
The upper portion of the diagram depicts a nor-
mal length tropocollagen molecule (TC) and a 
segment-long-spacing (SLS) crystallite prepared 
from normal collagen. Segment-long-spacing crys-
talli tes (SLS) are specific aggregates of collagen 
molecules induced by the addition of adenosine 
triphosphoric acid to acid solutions of collagen. The 
formation of SLS requires that the collagen helix be 
intact. The rod shaped collagen molecules line up 
in parallel and in the same direction with respect 
to their NH2 and COOH-termini producing char-
acteristically banded crystallites when stained and 
viewed in the electron microscope. The length of 
the SLS segment is that of the length of the col-
lagen molecule and the two ends, "A" and "B", 
can be differentiated because of the asymmetry 
of the band pattern. This technique permits the 
detection of changes in the length of the collagen 
molecule resulting from enzymatic attack. The 
lower portion of the figure shows the SLS crys-
tallites prepared from TC15A, "TC25B, the products 
of the action of human and tadpole collagenases 
on the collagen molecule (See R ef. 26). 
medium in which explant of whole normal 
human skin were grown, an enzyme capable of 
degrading collagen (20). Like the tadpole en-
zyme, human skin collagenase was not directly 
extractable from tissue but appeared to be syn-
thesized de novo from viable cells in ti ue cul-
ture. Interestingly, the enzyme could not be de-
tected in the culture media until approximately 
362 THE JOURNAL OF INVESTIGATIVE DERMATOLOGY 
24-4 hrs of incubation. Human skin collagenase 
was al o found to share a number of other bio-
logical and biochemical properties not only with 
the tadpole enzyme but with other human colla-
gena es as well (discussed below) . 
Enzymatic attack by skin collagenase on the 
collagen molecule resulted in the appearance of 
new, faster moving bands on disc electrophoresis 
(Fig. 2). Electron micrograph of segment-long-
spacing crystallites, prepared from the enzyme-
collagen reaction mixtures, revealed the presence 
of two fragments, one 7 5% the molecular length 
from the "A" or N-terminal end of the molecule 
(TCA) (Fig. I) and the other representing the 
remaining one-quarter from the "B" or C-termi-
nal end of the molecule (TCn). The fragments 
were essentially indistinguishable from those 
produced by the action of tadpole collagenase on 
collagen (20). 
These observations indicated that the specific-
ity of attack by human skin collagenase on the 
collagen molecule is similar to that produced by 
the tadpole enzyme and uggested that a suscep-
tible region exi ts in the collagen molecule, ap-
proximately one-quarter the distance from the 
C-terminal end, that is cleaved by both tadpole 
and human skin collagenases. Further support 
for thi concept was provided by studies of tad-
pole enzyme-collagen reaction mixtures which 
Fm. 2. Disc electrophoretic patterns of ther-~ally ~enatured enzyme-calf skin collagen reac-
t~on m1xtu~e. Twc;> experiments. Left to right: zero 
~Ime reaction miXture, and after 20% reduction 
m s~ecific viscosity; zero time, and after 55% re-
ductiO;Il in specific viscosity. Enzyme cleavage re-
sults m the appearance of three-quarter length 
fragments, labeled {3A and cxA and one-quarater 
length fragments, labeled cx1n , cx~n. F refers to buffer 
front. (From Ref. 20). 
have shown that cleavage of the collagen mole-
cule by this collagenase resulted in the release of 
N -terminal leucine and isoleucine and C-termi-
nal glycine (26, 27). Recent observations by the 
authors (unpublished) indicate thtat human 
skin collagenase also liberates N -terminal leucine 
and isoleucine after cleavage, and thus, may at-
tack the same peptide bond a does the tadpole 
enzyme. Whether other human collagenase , 
known to attack the collagen molecule in a imi-
lar fashion, cleave the same peptide bond re-
mains to be determined. The fact that certain 
animal col1agenases such as those from crusta-
cean hepatopancreas (12, 13) and rat uterus 
(15, 16) also produce TC¢5% and TC~5% in 
their initial attack on the collagen molecule, 
even though they continue to digest the cut end 
of TCA, adds additional support for the existence 
of a region in the collagen molecule susceptible 
to attack by many collagenases. 
Localization 
Isolated epidermi and dermis cultured sepa-
rately on native collagen gels revealed that the 
major site of collagena e production in normal 
human skin wa in the upper or papillary por-
tion of the dermis (35) and that enzyme activity 
was virtually ab ent in the mid- and lower der-
mis (Table I). Epidermis showed only minimal 
collagenolytic activity presenting a marked con-
t rast to the amphibian \Vhere the epidermi is 
the major source of a diffusible collagenase (33). 
The presence of collagenase in the papillary der-
mi suggested that in man this region of the skin 
may behave as a functionally different unit than 
lower regions of the dermis. The production of 
collagenase by human dermis has been confirmed 
(36). 
From these studies (35) it would appear that 
human epidermis plays only a minor role in 
collagena e production in normal skin. However, 
the presence of low level of enzyme activity in 
the epidermis (Table I) suggested the pos ibility 
that human epidermis might have the potential 
to synthesize collagenase actively but that under 
normal conditions the synthetic rate was either 
greatly reduced or perhaps repressed altogether. 
That this may indeed be the case was shown by 
studies of human skin wounds (35) in which it 
was demonstrated that the whole wound margin 
had increased enzyme activity and that both the 
marginal epithelium and underlying papillary 
dermis had significant collagenase activity 
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TABLE I 
Collagenolytic activity in human skin measured by 
release of 14C from collagen gels 
umber Cpm above % lysis Tissue of above 
culturesa blank blank 
Experiment 1h 
Whole Skin 5 1980 ± 252.1 32.3 ± 9 .1 
Epidermis 4 299 ± 229 .7 4.9 ± 7.0 
Upper Der- 3 2112 ± 159.1 34.4 ± 2.6 
mis 
Lower Der- 3 112 ± 7.5 1.8 ± 0.02 
mis 
Trypsin 2 378 6.2 
(0.01 %) 
Experiment 2° 
Epidermis 9 402 ± 189 .1 9.1 ± 3.6 
Trypsin 2 315 7.1 
(0.01 %) 
a 14C-collagen used in experiment 1 contained 
6134 cpm per substrate gel and in experiment 2, 
4416 cpm. Tissues were cultured in Leighton tubes 
and incubated at 37° C for 96 hours in all experi-
ments. (From Ref. 35) 
b In these experiments upper dermis refers to 
approximately the upper 0.4 mm of dermis. Lower 
dermis refers to the dermis at a level of approxi-
mately 1-4 mm below the epidermis. Epidermis 
was obtained by the elastase method (see Ref. 35 
for details) . 
c 'heets of epidermis approximately 0.1 mm in 
thicknes , were obtained by means of a Castrovejo 
keratotome. 
(Table II). This confirmed the ob ervations of 
Grillo and Gross (37) , who detected collageno-
l~·tic actiYity in both the epidermis s.nd under-
lyina me enchyme in cutaneous wound margins 
of the guinea pig. 
Whether the presence in skin wounds of an 
epithelium which is perhaps le s highly differen-
tiated than normal epidermis is related to its 
ability to synthesize collagenase, is currently un-
known. It would appear, however, that under 
certain conditions in human skin, uch as in the 
healing wound, the epidermis i capable of ac-
tiYel~r synthe izing collagenase and act together 
with the underlying dermis to provide an en-
zyme which has an important role in connective 
ti sue remodeling. 
Distribution 
Collagena e has been found in culture of kin 
obtained from the trunk as well a the extremi-
ties. No difference in collagenase activity was 
detected between these body areas, nor did the 
age of the subjects studied seem to influence 
total enzyme activity (35). Skin from the scalp 
differed, however, in that it had a specific en-
zyme activity ignificantly greater than of nor-
mal body skin. In addition, collagenase activity 
in the calp could be demonstrated at levels in 
the dermis much deeper than could be detected 
in skin from other body areas. The reason for 
the increased proportion of dermis involved in 
collagenase production in scalp skin is unknown 
but it is important to note that the dermis 
around these skin appendages more clo ely re-
embles papillary dermis which is the area of 
dermis re pon ible for collagenase production in 
other body areas. It may also be possible that 
the epithelium of the hair follicles is involved in 
the production of this enzyme. 
Further Characterization of Human Skin 
Collagenase 
Our attempt to purify the collagena e present 
in culture media of normal human skin has 
yielded a number of interesting ob ervations 
(3 ) . Crude preparation of human skin colla-
genase were found to separate into two peaks of 
enzyme activity following gel filtration on Se-
phadex G-150. Each enzyme peak was further 
purified and on the ba is of their electrophoretic 
mobility on polyacrylamide ael, were de ignated 
as slow-moving (HSC.) or fast-moving (HSCr) 
human skin collagenase (Fig. 3). The low-mov-
ing collagenase was found to be a heterogeneou 
TABLE II 
Collagenolytic activity of 10-day human wound edge 
tissue meas1lred by release of 14C from collagen gels 
Mean Specific 
Ti ssue 1\o. of % lysis Range 
activity 
cultures• above (mean cpm 
blank released per 
mg tissue) 
Whole wound 3 67.0 51.0-76.8 291.3 
edge 
Wound edge 3 41.4 33.0-49.9 
epidermis 
Wound edge 3 33.1 31.8- 35 .1 
dermis 
Tryp in 1 6. 0 
(0.01%) 
*Tissues cultured in Leighton tubes at 37° C 
for 92 hours . 4601 cpm per substrate gel. (From 
RP.f. ~fi). 
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mixture of proteins but the fast-moving enzyme 
appeared as a single protein band near the 
buffer front (Fig. 3). Additionally, the fast-mov-
ing enzyme was found to be free of non-collagen-
a e proteolytic activity. Both fast and low mi-
o-rating human skin collagenases cleaved the col-
lagen molecule in a fa hion identical to that 
originally de cribed for crude human skin colla-
gena e (20). It i not as yet known whether the 
two pecies of skin collagena e represent the 
presence of two distinct enzymes or whether the 
lower molecular weight, fast-moving human skin 
enzyme i a subunit of the larger low-moving 
collagenase. 
HSC s 
F-
~~dill 
-HSCf 
-F 
FIG. 3. Polyacrylamide gel electrophoresis of 
human skin collagenase following chromatography 
on Sephadex G-75. Gel on the left shows the 
heterogeneous. slow-moving skin collagenase 
(HSCs). On the right is the fast-moving col-
lagenase (HSCr). F is the buffer front. (From Ref. 
38). 
FIG. 4. Gel diffusion analysis of antiserum 
against human skin collagenase. Hr , fast-moving 
human skin collagenase; Gr, granulocyte colla-
genas~; Gi, gingival collagenase; Sy, rheumatoid 
ynov1al collagenase; aHr, anti-fast-moving hu-
man skin collagenase antiserum. (See Ref. 38). 
FIG. 5. Gel diffusion analysis of antisera against 
human skin and tadpole collagenase. H , fast-mov-
ing human skin collagenase; T , tadpole colla-
genase; aH, anti-fast-moving human skin colla-
genase antiserum; aT, anti-tadpole collagenase 
antiserum. (From Ref. 38). 
Immunologic Properties of Fast-moving 
Skin Collagenase 
Since the fast-moving human skin collagenase 
(HSCr) appeared to be a pure protein by elec-
trophoretic criteria, it \vas used as an in1muno-
gen in rabbits to produce anti-human skin colla-
genase antibody (38). Anti-HSCr gave a reac-
t ion of complete identity on immunodiffusion be-
tween HSCr (the immunogen) and HSC., the 
slow-moving skin collagenase. Using this anti-
body it was also possible to demonstrate identity 
of human kin collagenase with both human gin-
gival and rheumatoid synovial collagenase prep-
£uations (38) as well as with the collagenase 
from human white blood cells (Fig. 4) indicating 
that human collagena es from skin, synovium, 
o-ingiva and white blood cell granulocytes share 
major antigenic determinants. Whether these 
human enzymes are identical in all re pect re-
mains to be determined. 
In contrast to the immunologic identity of 
enzymes from human sources, no reaction were 
seen on immunodiffusion when anti-HSCr anti-
body \vas reacted with tadpole enzyme. When 
precipitin reactions between fa t-moving human 
skin collagenase and its antibody were compared 
to reaction · between tadpole collagenase and its 
respective antibody, the relationship was one of 
non-identity (Fig. 5), indicating that in spite of 
the many biochemical similarities between 
human kin and tadpole collagenases, t hese en-
zymes are not identical on an immunologic basis. 
The fact that the two enzymatic activities are 
so alike, despite immunologic differences, sug-
gests that the active sites are probably similar 
and have been preserved phylogenetically. Fur-
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thermore, no reactions were seen on immunodif-
fusion when the antibodies against human skin, 
tadpole or rat uterus collagenases were reacted 
with crustacean hepatopancreas or bacterial col-
lagenases. These observations clearly demon-
strate the presence of species specificity among 
collagenases. Nonetheless, all these enzymes ex-
cept bacterial collagenase, have preserved an ac-
tive site that preferentially cleaves the collagen 
molecule at a locus one-quarter the distance 
from the C-terminal end. 
Regulation of Collagenase Activity 
The mechanisms for controlling the biosyn-
thesis, release and sub equent activity of colla-
genase in human skin as well as in other tissues 
are largely unknown. The demonstration that 
human skin (20) as well as certain other of the 
human collagenases (22, 25) are inhibited by 
human serum sugge ts that collagenase activity 
may be controlled, in part, by factors present in 
serum. Recent studies (39) have shown that 
even at low concentrations human serum is an 
effective inhibitor of both human (Table III) 
and tadpole collagenases and that the inhibitory 
activity is associated primarily with the alpha-
globulin component of serum. Both alpha1-anti-
trypsin and alpha2-macroglobulin inhibited these 
collagenases but it was not possible to determine 
which anti-protease was of greater biological im-
portance. Our most recent observations with a 
highly purified alpha2-macroglobulin fraction 
from human serum suggest that this protein 
may be the major inhibitor of skin collagenase in 
human serum. 
It is important to note that although these 
collagenases are inhibited by serum, not all col-
lagenases respond in a similar manner. For ex-
ample, the collagenases of human granulocytes 
(24) and of the bacterium Clostridium histolyti-
cum are unaffected by concentrations of serum 
which significantly inhibit human skin (Table 
III) and tadpole collagenases (39). The fact 
that serum can inhibit some collagenase poses 
the problem of how the serum-inhibitable colla-
genases act on their substrate in vivo. The spec-
ulation has been made (39), that in vivo action 
results because the active enzyme i elaborated 
by cells lying close to the substrate and the 
inhibitor is either excluded from this region or is 
present in an inadequate amount. 
A puzzling, and as yet unexplained, observa-
TABLE III 
Ejj'ect of human serum on human skin 
and bacterial collagenases* 
cpm Sol-
Serum Protein ubilized Collagenase dilution ~g) ~hove 
lank) 
Human skin No serum - 2,447 
Human skin 1:1,000 75 892 
Human skin 1:500 150 570 
Human skin 1:250 300 273 
Human skin 1:100 750 46 
Bacterial No serum - 2251 
Bacterial 1:1000 80 2124 
Bacterial 1:500 160 2082 
Bacterial 1:100 800 1756 
Bacterial 1:10 8000 868 
Inhibi-
tion 
(%) 
-
61 
77 
89 
98 
-
5.7 
7.5 
22 .0 
61.5 
* Reaction mixtures consisted of 50 J.Ll of 0.2 
per cent 14C-glycine-labeled collagen as a substrate 
gel and 75 J.Lg of crude skin enzyme protein or 10 
J.Lg of partially purified C. histolyticum collagenase 
in a total volume of 200 J.Ll. Incubation was carried 
out for 3 hours at 37° C, in a shaking water bath. 
In these experiments, substrate ge ls contained 
4,281 counts per minute. Blanks represen t approxi-
mately 8 per cent of t he counts in t he substrate 
gel. (Human skin collagenase data from Ref. 39). 
tion has been the delay of approximately 24--48 
hours in the appearance of collagenases from 
human skin (and from other human and animal 
tissues) into the culture media after uch cul-
tures have been initiated. It seemed possible 
that this lag in the appearance of colla.genase 
was the time required for viable cells of the 
explanted tissue to synthesiz.e and release new 
enzyme. An alternative explanation was that the 
enzyme wa inhibited initially by the pre ence of 
serum proteins bound to the ti sue explants 
when they were placed in serum-free culture me-
dium. Since erum inhibits collagenase it may 
not be po sible to detect collagenolytic activity 
until these serum proteins are either degraded or 
diluted out of the culture. Recent observations 
(Eisen, Bauer and Jeffrey, in preparation) indi-
cate that serum proteins capable of inhibiting 
collagenase can be detected in the culture. me-
dium during the first 24 hours of incubation in 
the absence of demonstrable enzyme activity. In 
addition, it has been possible, to detect im-
munoreactive material in the culture media dur-
ing the first 24 hours of incubation that yields a 
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reaction of identity with anti-human skin colla-
gena e antibody. Thi ob ervation uggest that 
enzyme i indeed pre ent in the culture medium 
during the fir t day of culture but i inhibited 
by erum proteins. 
COLLAGENASE AND HUMAN SKIN DISEASE 
The que tion as to whether collagenase plays a 
role in the pathogenesis of certain skin diseases 
ha ju t begun to be explored. From studies im-
ilar to tho e described for normal human kin 
(35) it ha been suggested that collagenase may 
be involved in the formation of blisters in the 
dy t rophic form of epidermolysis bullosa (DEB) 
( 40). The timulu for inve tigatincr this di ease 
wa the electron micro copic study by Pear on 
( 41) on the skin from individuals with the reces-
ive form of DEB. Thi investigation demon-
trated the apparent phagocytosi of collagen 
fibril by dermal macrophaaes associated with 
marked d generative change of the dermal col-
lacren near the dermal-epidermal junction. These 
abnormalitie were accentuated by trauma and 
pr umably resulted in blister formation. A 
number of the change een in the dermal colla-
gen in DEB were similar to those observed in 
the metamorpho ing tadpole tailfin ( 42) at a 
time when increa ed collagenolytic activity can 
b detected in the tailfin. When kin from fric-
tion bullae produced in patient with DEB was 
examined for collagena e, enzyme activity was 
approximately 6-fold areater than that found in 
normal kin. In DEB the epidermi , as well as 
the papillary dermis, wa capabl of producing 
collagena e. A previou ly di cu sed, normal epi-
dermi di plays only minimal collagenase activ-
itv. In addition, enzyme activity in the nonbul-
lou kin of orne DEB patients wa al o ele-
vated ( 40). 
ince the va t majority of reces ive genetic 
di ·order are a ~ociated with enzvme deficiencie 
. ' 
the que tion can be rai ed as to whether the 
increa ed collagenase production in DEB is a 
primary or econdary biological event. Although 
no direct experimental evidence is available, one 
micrht peculate, in light of what is known about 
other crenetic disea es, that nhanced collagena e 
production i a econdary change perhap trig-
crered by trauma. This could result in an acceler-
ated wound healing re pon e with an enhanced 
production of collagenase. N onethele , the dem-
on tration by Kahl and Pearson ( 43) that the 
intracutaneous injection of bacterial collagenase 
results in rapid and clean dermal-epidermal sep-
aration lends support to the concept that colla-
genase may play a significant role in the produc-
tion of blister in DEB. 
Collagenase activity was not found to be ele-
vated in pemphigu vulgaris but in an occasional 
patient wih bullou pemphigoid, a slight in-
crea e in enzyme activity was noted. The signifi-
cance of thi finding with regard to the produc-
tion of bullae in bullous pemphigoid requires 
further invesbgation. 
Collagenolytic activity has also been found in 
the kin of patients with amyotrophic lateral 
clero i ( 17) and in certain other pathologic 
t i ue (19). Since enzyme activity wa. not 
quantitated in either of these studies there is at 
present no way to assess the importance of such 
activity with regard to its pathogenesis in these 
disease processes. 
Abramson ( 44) ha conclusively demonstrated 
collaaena e activity in middle ear chole teatoma, 
an epidermal cyst frequent!~· pre ent in chronic 
otiti media. Whether the bone re orption fre-
quently as ociated with choJe~teatoma i the re-
ult of the collaaenase produced b~· this le ion, 
remains speculative at this time. 
Collagenolytic activity has been detected in 
both animal and human corneas and bas been 
implicated in the pathogenesis of corneal ulcera-
tion ( 45, 46, 47). The enzyme has not, as yet, 
been characterized. 
SYNOVIAL COLLAGE:YASE 
A collagena e, active at neutral pH, and capa-
ble of cleaving the collagen molecule in a man-
ner imilar to both tadpole (26) and human kin 
collagenases (20) ha been isolated from cultures 
of human rheumatoid synovium (21, 22). Like 
the tadpole and human skin enzymes this colla-
crenase is also inhibited by freeze-thawing and by 
human serum (22) . 
ubsequent studies ( 4 ) have shown that col-
lagenase activity i not limited to rheumatoid 
ynovium but is al o pre ent in such divergent 
joint di ea es a eptic arthritis, Reiter' yn-
drome, pseudogout and sy temic clerosis. Al-
though the polymorphonuclear leukocyte count 
wa elevated in the ynovial fluid in everal of 
the e diseases, the elevation could not be corre-
lated with the amount of collagenase activity 
produced by the synovial explants in vitro, indi-
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eating that it was the synovium itself and not 
the leukocytes that were responsible for the en-
zyme activity. Collagenolytic activity measured 
in the cultures of rheumatoid synovium has been 
shown to be related to the degree of both local 
and systemic disease activity ( 49) . 
Of particular importance was the demonstra-
t ion of collagenase activity in the synovial fluid 
from some patients with rheumatoid arthritis 
(50), indicating that collagenase is produced in 
vivo. Using a model of the invasive pannus of 
rheumatoid arthritis, in which rheumatoid syn-
ovium was cultured on autologous tendon (51), 
synovial cells were observed to degrade collagen 
actively . In addit ion, rheumatoid synovium was 
capable of degrading the collagen of whole carti-
lage, indicating that collagenase derived from 
synovial t issue can potentially produce the de-
struction of cartilage seen in rheumatoid arthri-
tis. 
Two distinct collagenases have now been de-
tected in some rheumatoid synovial fluids (50). 
One collagenase, called enzyme B, with an esti-
mated molecular weight of 20,000-25,000, resem-
bles the collagenase obtained from synovial cul-
ture in that it is readily inhibited bv human 
serum. The other collagena e, enzyme A, with an 
estimated molecular weight of 40,000-50,000 is 
not inhibited by human serum. These collagenases 
were variably present in patients with rheuma-
toid arthritis. In addition, enzyme activity also 
Yaried in synovial fluids aspirated at different 
times from the arne patient. 
It was hypothesized (50) that both collagen-
nses from synovial fluid may play a role in the 
pathogenesis of destructive joint disease with the 
lower molecular eight enzyme (enzyme B) act-
ing at the immediate tissue level where it might 
be least subject to the inhibitors present in joint 
fluid or serum. The larger enzyme (enzyme A), 
which is not inhibited by erum, would be free 
to act at any site in the joint. 
GRANULOCYTE COLLAGENASE 
Unlike most of the known human and animal 
collagena es granulocyte collagenase is directly 
extractable from human polymorphonuclear leu-
kocyte granules (23, 24). In addition, freeze-
thawing, a technique which blocks the produc-
tion of other human collagenases, releases en-
Z} me activity from the granulocyte, sugge ting 
that the enzyme is stored within the granules of 
these leukocytes. 
Polymorphonuclear leukocyte collagenase acts 
on collagen in solution at 25° in a fashion similar 
to that of other human enzymes (see above) 
cleaving the molecule one-quarter the distance 
from its C-terminal end (23, 24). Although the 
polymorphonuclear leukocyte collagenase seems 
to be closely related immunologically to human 
skin, synovial and gingival collagenases (Fig. 4), 
it i not inhibited by human serum (24) in dilu-
tions which produce complete inhibition of the e 
other human enzyme (39). This enzyme, unlike 
other human collagenase , has only limited ac-
tion on native collagen fibrils at 37o C, a finding 
difficult to interpret if one postulates that leuko-
cyte collagenase play a role in the in vivo deg-
radation of collagen fibrils during the inflamma-
tory re ponse. To explain this finding it has been 
suggested (24, 52) that solubilization of collagen 
fibrils by leukocyte collagenase may require the 
synergistic activities of this enzyme with the 
more general proteases. An equally attractive 
explanation, however, for the low level of activ-
ity of leukocyte collagena. e on collagen fibrils, i 
that the enzyme itself may be susceptible to 
denaturation or degradation by the e other pro-
tease at 37o C. Further studie'"' with a purified 
leukocyte coJlao-enase will be necesnary to clarify 
it action on collagen fibrils. 
GINGIVAL COLLAGENASE 
In the cour~e of periodontal di ease, remodel-
ing of gingival tissue occurs with attendant re-
orption of both epithelial and connective tissue 
components. Explants of human gingiva taken 
at gingivectomy have been shown to survive in 
tis ue culture and release into the culture me-
dium a collagena e which acts on native collagen 
in a manner identical to that of other human 
collagenases (1 , 53, 54, 55, 56). In addition, thi 
enz~me is immunologically similar if not identi-
cal to human skin, ynovial and leukocyte colla-
genases (38) (Fig. 4). The appearance of gingi-
val collagenase in the tissue culture medium has 
been correlated with the clinical extent of perio-
dontitis or gingivitis (54). Studies by Fullmer 
and associates (56) have hown that gingival 
epithelium as well as the underlying connective 
ti ue are both capable of producing the colla-
genase. Which of these tissues pia} the major 
role in the production of gin<Tival collagenase has 
not a. yet been determined. 
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BONE COLLAGENASE 
Since bone is constantly being remodeled, the 
exi tence of a bone collagenase has long been 
u pected. Numerous attempts have been made 
to demonstrate collagenase activity at neutral 
pH in homogenates of bone (14, 25, 57) and all 
have been unsuccessful. Woods and Nichols (58, 
59) described an enzyme obtained from bone 
homogenates, active at pH 6.0, and presumably 
ly o omal in origin, that apparently could attack 
collagen. Further studies on this enzyme and its 
action on collagen have not been carried out. In 
view of the fact that only very minimal levels of 
activity were observed in this system, it is, 
therefore, difficult at this time to assess the sig-
nificance of thi extractable enzyme. 
Studies by Stern et al . (60) suggested the 
pre ence of a collagenase in bone by demonstrat-
ing hi tologic re orption of 3H-proline-labeled 
mou e calvaria in tis ue culture with concomi-
tant relea e of radioactive hydroxyproline and 
proline into the culture media. Resorption was 
increased significantly by the in vitro use of 
parathyroid extract. Direct evidence for the 
presence of a collagenase came with the demon-
stration by Walker et al. (57) of a diffusible 
collagenolytic enzyme from the metaphyseal 
bones of rats treated with parathyroid extract. 
The enzyme was capable of both Yisibly lysing 
and releasing radioactivity from a native 14C-la-
beled collagen substrate. 
These observations led to the isolation of a 
collagenase from the tissue culture media of 
mou e tibial bones cultured in vitro ( 14) . Mouse 
bone collagenase has been partially purified and 
hO\vn to cleave the collagen molecule in a fash-
ion very similar to that of the tadpole and 
human collagenase (14). Although studieN of 
egment-long-spacinO' crystallites indicated that 
enzymatic cleavage of the collagen molecule by 
mou e bone collagenaNe resulted in two major 
fragments (TC~5 and TC~6) larger variations 
in the lengths of these fragments were found 
than that reported for tadpole collagenase (26). 
That re ult suggests that perhaps under certain 
condition , bone collagena e might be capable of 
further degrading the collagen molecule. This 
collagenase acts at physiologic temperature and 
neutral pH and enzyme activity parallels the 
increased rate of bone resorption when under 
the influence of parathyroid hormone in vitro 
(61). 
Recently, a collagenase, having properties 
very similar to that of other human collagenases 
and to the mouse bone enzyme (14), has been 
demonstrated in culture media of living human 
bone cultured in vitro (25) . Evidence has also 
been presented (62) for increased bone collagen-
a e activity in Paget's disea e. A slight elevation 
in enzyme activity was also detected in bone 
cultures from a patient with parathyroid aden-
oma suggesting that in man, bone contains a 
collagenase that plays a role in both normal and 
pathologic remodeling. 
UTERINE COLLAGENASE 
The loss of collagen in the post-partum uterus 
represents one of the most active processe of 
collagen re orption in normal animal physiology. 
In the rat (63, 64) the collagen content of the 
pregnant uterus rises approximately four-fold 
per fetus during pregnancy; in human uterus 
the increase in collagen is approximately 8-fold 
(65). During involution this large accumulation 
of collagen is rapidly removed. In the rat the 
process is complete in approximately 3-4 days 
(64) ; in the human, 75% of the collagen is lost 
in the first 8-11 days (66) and after three weeks 
less collagen is present in the uterus than in the 
pre-gravid organ. 
In the uterus, as in most other animal tissues 
undergoing collagen removal or remodeling, ex-
tracts of the tissue failed to degrade collaO'en 
under physiologic conditions (2, 3). In an at-
tempt to explain the rapid removal of collagen 
in the face of this fact, considerable attention 
focused on lysosomal cathepsins, present in in-
creased amounts in the post-partum uterus (67). 
Woessner (68) in a review of the subject, postu-
lated that collagen degradation may occur by 
,~·ay of these ly o omal enzymes. 
Gross, Lapiere and Tanzer (69) using the 
classic gel-lysis technique ( 11) were the first to 
detect collagenolytic activity in rat endome-
trium. Subsequently, an enzyme has been ob-
tained from tissue cultures of post-partum rat 
uterus which attacks native collagen, in either 
soluble or fibrillar form at neutral pH (15, 16). 
The collagena e is almost inactive at pH values 
below 6. 
In common with most other animal collagen-
ases, the enzyme is not extractable direct!~· from 
fresh tissue and its production is inhibited by 
freeze-thawing the tissue before culture, aga m 
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implying that the enzyme i synthesized de 
novo. Collagenase can be detected only during 
the first three days of the post-partum period; 
uteri from animals 4 days post-partum or later 
fail to produce collagenolytic activity (Fig. 6). 
The coincidence of detectable collagenase activ-
ity in the involuting uterus with the time of 
mo t active collagen resorption in vivo (64) sug-
gest t hat this enzyme is responsible for at least 
the initial tep of collagen breakdown in this 
tissue. 
Uterine collagenase cleaves the native collagen 
molecule at the three-quarter-one-quarter point 
characteri tic of human and tadpole collagenases, 
but i al o capable of catalyzing further cleav-
aO'es in the native molecule, producing in addi-
tion to TC¢5, TCt7 and TCt2. That is, the 
enzyme is capable of initiating additional cleav-
age at points 62% and 67% from the "A" (N-
terminal) end of the molecule. The three-quarter-
one-quarter cleavage is the most favorable 
point of attack for the enzyme from the stand-
point of rate, but it appears that all three cleav-
age can occur simultaneously. At 37o C, the 
enzyme apparently attacks a large number of 
peptide bond in collagen, resulting in a mixture 
of peptide , of which 67% are of dialyzable size. 
The enzyme i rever ibly inhibited by the re-
moval of calcium, but irreversibly inhibited by 
EDT A, even in the presence of excess calcium 
ion. These data suggest the presence of a second 
metal, intrinsic to the enzyme (16), and in this 
respect the uterine collagenase may resemble the 
bacterial enzyme in it metal requirement ( , 
10). 
Electron micro copic studie have demon-
trated the presence of collagen fibril s within 
cytoplasmic vacuoles of po t-partum uterine 
phagocytic cells (70). Similar re ult have re-
cently been reported by Brandes and Anton 
(71) and Parakkal (72). Whether a collagenase 
active at neutral pH i present both intra- and 
extra-cellularly cannot, at this time, be resolved. 
It would appear, however, that ince the bulk of 
the uterine collagen i deposited extracellularly, 
that to initiate its breakdown an extracellular 
enzyme is required. It may be that the collagen 
een intracellularly represents collagen already 
partially degraded by the extracellular collagen-
ase to the point where phagocytosi and lysoso-
mal enzyme activity can play a significant role 
in the completion of the degradative proces . 
That the degradation of collagen in the re-
sorbing uteru may be controlled by the action 
of steroid hormones has been suggested by Woes-
sner (73), who reported that post-partum rats, 
injected with estradiol, resorbed the collagen of 
their uteri at a slower rate than did controls. In 
contrast, Jeffrey, Coffey and Ei en, (in prepara-
tion) have found that cultures of post-partum 
uteri fail to elaborate uterine collagenase in the 
pre ence, in culture, of progesterone ( 5 X 
10-5M). The potent progestational compound 
Pro vera R inhibits collagenase activity in uterine 
ti ue culture at much lower concentrations (1 
X 10-6M). Non-progestational steroids, however, 
have no effect on the production of this enzyme. 
These data suggest that progesterone is the hor-
mone which control collagena e expression in 
the uterus, and may reflect the result of Good-
all (7 4) which bowed that the injection of pro-
gesterone into post-partum rabbit markedly in-
hibits the involution of the uteru . 
CTustacean HepatopancTeas Collagenase 
The hepatopancreas repre ent the major 
organ involved in the diO'estion of protein in 
crustaceans, many of which are predacious cav-
enger in nature. Since crustaceans feed on ani-
mal ti ues frequently containing collagen as a 
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FIG. 6. Comparison of collagenase production 
by post-partum rat uterus • --• , with the time 
course of collagen loss (Ref. 64) in the in vivo 
uterus 0---0. Collagenase activity was assayed 
by the release of radioactivity from 14C-glycine-
labeled collagen fibrils. Enzyme solutions were ob-
tained from pooled, concentrated medium of rat 
uterine tissue cultures initiated on the indicated 
po t-partum day. A typical reaction mixture con-
sisted of 50.ul of radioactive collagen substrate, 
100 .ul 0.05 M Tris-HCl, containing 0.005 M CaCI2, 
pH 7.5 and 50 .ul of enzyme solution, containing 
approximately 500 .ug protein. 
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con ~tituent protein, it eemed reasonable to as-
ume that an enzyme system might exist, in 
t heir digestive organ, capable of degrading colla-
gen. A collagenase has been obtained (12, 13) 
from the bepatopancreas of the crustacean, U ca 
pugilator, which di plays both intriguing imi-
larities but al o marked differences to mo t other 
animal collagenase . Firstly, it is readily eA.i.ract-
able from t he hepatopancrea of t he crab which 
repre ents a marked contra t to alma t all verte-
brate collagenases, except that from human leu-
kocytes (24). N onethele~ , t he enzyme cleaves 
the native collaO'en molecule at a point t hree-
quarter the length from the "A" (N-terminal) 
end, a characteristic of all animal collagenases 
inve tiO'ated to date. Analogous to the rat uter-
ine collagena e (16), t he crab enzyme al o is 
able to cleave across the native collagen mole-
cule at other loci (13). Collagena e activity, in-
ve tigated by di c electrophore is, result in a 
marked decrea e in the oriO'inal beta component 
and a corre pondinO' increa e in the density of 
alpha chain concomitant with the production of 
(3 
F 
FIG. 7. Di c electrophoretic pattern of ther-
mall.\· denatur d h patopancreas enz,·me-collao-en 
. . 
. b 
reactwn m1xtur s at 25° . On the left. zero time 
r action mixture and on the rio-ht. after 80% re-
duction in specific vi co ity. Note the marked de-
crea in the original {3 band and the pre enc of 
numerou new component beneath the original 
a band. (From R ef. 13 ). 
numerous new components below the original 
alpha band (Fig. 7). Fragments representing 
75% (TC~5), 70% (TCto) and 67% (TC~) 
of the collagen molecule from the "A" (N-termi-
nal) end have been identified in electron micro-
graph of segment-long-spacing crystallites pre-
pared from enzyme-collagen reaction mixtures. 
No ob ervable cleavage of the collaO'en helix at 
t he "A" end of the molecule has been detected 
with the electron microscope. 
Crude enzyme preparations di played con id-
erable chymotrypsin- and t ryp in-like activities, 
probably reflecting the fact that the hepatopan-
creas of the crab i a dige tive organ. The cleav-
age by hepatopancreas extracts of peptide bonds 
in the non-helical, N -t erminal region of collagen 
at or near t he in t ramolecular cro -link, may be 
due to the action of chymot rypsin which is cap-
able of converting beta to alpha components 
(75). Neither chymot rypsin nor tryp in, how-
ever, in quantities equal to or greater than that 
present in hepatopancreas extract are capable 
of cleaving the native collagen helix in either 
oluble or fibrillar form. 
It i of interest that even though hepatopan-
creas collagenase is a digestive rather than a 
morphogenetic enzyme, it still cleaves the colla-
gen molecule at the T Ct5 locus, identically with 
t hat of other animal and human collagenases. 
From this standpoint, it remains to be deter-
mined at what point in phylogeny this type of 
enzyme arose and whether a imilar enzvme ex-
ists in higher form of life. 
SUMMARY 
Although the precise mechanism by which col-
lagen i degraded from fiber to amino acid has 
not been completely defined, a number of impor-
tant facts about the proce are kn0wn. A new 
cla s of enzyme , pecific collagena e , active at 
neutral pH, have now been detected in a number 
of human and animal tissues which, in most 
instance , are undergoing obvious collagen re-
modeling. These enzymes can be obtained, with 
few exception , only by tis ue culture tech-
mque . 
The mechanism of action of the collagenases 
tlm far investigated has led to the fo rmation of 
an hypothesis which can explain the complete 
degradation of a collagen fiber. This require the 
initial action of an extracellular neut ral collaO'en-o 
ase, and t he ubsequent denaturation of t he 
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cleaved collagen molecule which permits the 
final degradation of those denatured products by 
commonly available tissue pro teases. At this 
time, however, this is only an hypothesis, and 
further studies on the possible role of phagocytic 
cells and lysosomal proteases in collagen degra-
dation will be required before a complete path-
way can be presented. 
Note added in proof 
Recently a collagenase, active at neutral pH 
has been isolated from the medium of cultures 
of regenerating newt limb (Dresden, M. H. and 
Gross, J.: Develop. Biol., 22: 129, 1970). The 
enzyme acts on native collagen in a similar man-
ner to rat uterus collagenase (16) producing 
several cleavages in the molecule. 
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